Background: Apolipoprotein C-III (apo C-III) is a marker of cardiovascular disease risk associated with triglyceride (TG)-rich lipoproteins. The T؊455C polymorphism in the insulin-responsive element of the APOC3 gene influences TG and apo C-III concentrations. Long-chain n-3 polyunsaturated fatty acids (PUFAs) contained in fish have well-known apo C-IIIlowering properties. Methods: We investigated the possibility of an interactive effect between the APOC3 gene variant and erythrocyte n-3 PUFAs, suitable markers of dietary intake of fatty acids, on apo C-III concentrations in a population of 848 heart disease patients who had coronary angiography. Results: In the population as a whole, apo C-III concentrations were significantly inversely correlated with total erythrocyte PUFAs, but the correlation was not significant when only ؊455CC homozygous individuals were taken into account. In the total population and in subgroups with the ؊455TT and ؊455CT genotypes, the relative proportions of individuals presenting with increased apo C-III (i.e., above the 75th percentile value calculated on the entire population after exclusion of individuals taking lipids-lowering medications) decreased progressively as the n-3 PUFA and docosahexae-
The metabolism of circulating particles rich in triglycerides (TGs) 4 is strongly affected by their content in apolipoprotein C-III (apo C-III), a component that inhibits the lipoprotein lipase-induced hydrolysis of these particles (1 ) , and their apo E-mediated hepatic uptake (2 ) . In recent years, clinical evidence supported the role of apo C-III and TG-rich lipoproteins in coronary artery disease (CAD) (3) (4) (5) (6) (7) (8) (9) , suggesting that the apo C-III concentration is a reliable marker for lipoprotein concentration-associated CAD risk.
Different genetic and acquired factors influence serum apo C-III concentrations (10 ) . Several polymorphic variants have been described in the APOC3 gene promoter, affecting protein transcription and synthesis (11 ) ; among them, promoter variants at positions Ϫ455 and Ϫ482 have been studied more extensively because of their altered affinity for the nuclear transcription factors that mediate the insulin response (12 ) . APOC3 is transcriptionally down-regulated by insulin concentrations (13 ) , but the presence of mutant sequences seems to reduce the inhibitory modulation of the hormone ("insulin resistance" at the gene level) (12 ) .
Dietary factors, such as the consumption of long chain n-3 polyunsaturated fatty acids (PUFAs) contained in fish and fish oil, have been also described to affect serum apo C-III concentrations through a mechanism similar to that exerted by fibrate lipid-lowering medications, which involves the activation of specific nuclear receptors, i.e., the so-called "peroxisome proliferator-activated receptor-␣" (PPAR␣) (14 ) . APOC3 is one of the target genes transcriptionally down-regulated by PPAR␣ activation, thus contributing to the lipid-and lipoprotein-lowering properties of fish or fish oil intake (14 ) . However, not all individuals within a population seem to gain the beneficial effects of a fish-rich diet. Genetic factors may render individuals differently susceptible as either "dietary responsive" or "dietary nonresponsive" (15 ) .
Recently we reported that the TϪ455C variant on the APOC3 gene promoter is associated with increased TG and apo C-III concentrations (16, 17 ) and represents an independent susceptibility factor for CAD (16 ) , particularly in the presence of metabolic syndrome (17 ) . However, in patients with high dietary intake, n-3 PUFAs could act as mediating factors able to substantially reduce the "over time impact" of APOC3 gene variants.
The fatty acid (FA) content in the erythrocyte membrane reflects previous intake over a relatively long time period (months), and an analysis by gas chromatography can provide information on multiple FAs, a superior approach to traditional dietary assessment methods (18 ) . For this reason, erythrocyte FAs are considered as suitable biological markers for dietary intake, particularly for nutritional epidemiology purposes.
Taking into account all of these considerations, we analyzed apo C-III concentrations, erythrocyte FA concentrations, and APOC3 genotypes with the aim of evaluating possible interactions among these factors in determining circulating apo C-III concentrations in a large cohort of heart disease patients examined as part of the Verona Heart Project.
Patients and Methods study population
The details of the study have been reported previously (16 ) . Briefly, we selected a total of 848 unrelated adult patients of both sexes who were recruited consecutively from those referred to the Institute of Cardiovascular Surgery or to the Cardiovascular-Hypertension Unit of the Department of Internal Medicine of the University of Verona in Italy and underwent coronary angiography (the Verona Heart Project). At the time of blood sampling, a complete clinical and pharmacologic history, including the presence or absence of the traditional CAD risk factors, was obtained. Of these patients, 590 had angiographically severe multivessel coronary atherosclerosis (CAD group), whereas 258 had normal coronary arteries (CAD-free) and underwent coronary angiography generally before surgical correction of valvular heart disease. Although CAD-free, these patients were therefore heart disease patients.
The study was approved by our Institutional Review Boards. Either written or oral informed consent was obtained from all patients.
biochemical analyses
Samples of venous blood were drawn from each patient in the free-living state, after an overnight fast. Serum lipids and the other common biochemical indices were measured as described previously (16 ) . Apo A1, apo B, and apo E were measured by commercially available nephelometric immunoassays; antisera, calibrators and the BNII nephelometer were from Dade Behring. Apo C-III was measured by a fully automated turbidimetric immunoassay. The reagent were obtained from Wako Pure Chemical Industries, and the procedure recommended by the manufacturer was implemented on a RxL Dimension Analyzer (Dade International Inc.). Imprecision was assessed on three pools of control sera with low, medium, and high concentrations of apo C-III. For the low, medium and high concentrations, the intraassay CV was 1.8%, 2.0%, and 2.0%, respectively, and the interassay CV was 4.4%, 3.4%, and 2.3%.
mutation analysis
The APOC3 TϪ455C polymorphism was analyzed as described previously (16 ) .
statistical analysis
All computations were performed with use of the STATA 8.0 statistical package (Stata Corp.). Distributions of continuous variables are reported as the mean (SD). Influences on apo C-III concentrations were first analyzed with log-transformed apo C-III concentrations as the variable of interest (outcome). Given the asymmetric and bimodal distribution of this variable (Fig. 1) , gene-diet interaction effects were assessed by quantile regression models (19 ) . Subsequently, interaction effects were analyzed by logistic models using as outcome the binary variable high apo C-III concentration (h-apo C-III), with the value 1 (and 0 otherwise) assigned to patients with an apo C-III concentration above than the 75th percentile of the apo C-III concentrations of the entire sample, after exclusion of the individuals taking lipid-lowering medications, such as statins and/or fibrates (122 mg/L; see also Fig. 1 , dashed line).
In both quantile and logistic models, the explanatory variables were the APOC3 genotype (in the recessive model, a binary variable takes the value 1 for homozygous Ϫ455CC individuals and 0 otherwise), the erythrocyte FA concentration (continuous variable), and the product of the two preceding variables (interaction term). The set of independent variables contained the following potential confounders: gender, age, CAD/CAD-free status, use of lipid-lowering medications (statins or other medications, including fibrates), smoking, and body mass index (BMI) (10, 20 ) . In the logistic models, the statistical significance of the interaction term was tested by the likelihood ratio test.
Results
The clinical features, the concentrations of the main erythrocyte FAs, and the TϪ455C allele and genotype frequencies of the patients, separated according to the diagnosis and considered as a whole, are summarized in Table 1 .
As expected, several features associated with cardiovascular risk were differently distributed between individuals with CAD or CAD, including the TϪ455C genotypes (16 ) . Because the aim of the study was to detect possible gene-diet interaction effects in the whole population, these differences were not the object of specific analyses [with this in mind, compare Refs. (16 ) and (17 )], but CAD/CAD-free status was taken into account as a confounder in the final logistic models (see below).
Apo C-III concentrations in the total patient population showed a bimodal and asymmetric distribution (median value, 105 mg/L; skewness value, 1.83) with a long tail for the highest values, as shown in Fig. 1 . For this reason, the variance-stabilizing logarithmic transformation of apo C-III was used in all subsequent analyses.
Total erythrocyte PUFAs were significantly correlated with log-transformed apo C-III concentrations [correlation coefficient () ϭ Ϫ0.12; 95% confidence interval (CI), Ϫ0.18 to Ϫ0.05]. When the analysis was performed on the subgroups based on genotype, correlations remained significant for the patients with the Ϫ455TT ( ϭ Ϫ0.12; 95% CI, Ϫ0.23 to Ϫ0.01) and Ϫ455TC ( ϭ Ϫ0.15; 95% CI, Ϫ0.24 to Ϫ0.05) genotypes and in the combined TT ϩ TC subgroup ( ϭ Ϫ0.14; 95% CI, Ϫ0.21 to Ϫ0.06) but not in the Ϫ455CC homozygous individuals ( ϭ Ϫ0.02; 95% CI, Ϫ0.19 to 0.15). Following this observation, we based further analyses on the assumption of a recessive model of interaction (patients carrying or not carrying the gene variant in homozygosity).
We first analyzed the possible gene-diet interactions able to influence apo C-III concentrations by quantile regression models using 50th, 65th, 75th, and 85th percentiles of the log-transformed apo C-III concentrations. By this approach, statistically significant interactions emerged when we modeled the 75th (or greater) percentile. The proportion of h-apo C-III individuals was therefore considered as a binary variable of interest (see the section on statistical analysis), and it was analyzed in relation to the different (low, intermediate, high) FA concentrations categorized according the tertile distributions in the population as a whole (below the 33th, 33th-66th, and above the 66th percentile, respectively, after exclusion of patients taking lipid-lowering medications). Of note, h-apo C-III individuals were characterized by an unfavorable lipid profile (increased TG, total cholesterol, and LDL-cholesterol concentrations), despite being similar in age, BMI, gender, and smoking status to the remaining population (data not shown). The proportions of h-apo C-III patients, plotted vs erythrocyte total PUFA concentrations, in the total population are shown in Fig.  2A ; the corresponding distributions in the subgroups of individuals either carrying or not carrying the Ϫ455CC genotype are shown in Fig. 2 , B and C. Both in the total population and in patients with the Ϫ455TT or Ϫ455CT genotype, an increasing erythrocyte PUFA concentration was associated with a progressively minor proportion of h-apo C-III patients (Fig. 2, A and B) . This was not the case for Ϫ455CC homozygous individuals, in whom no substantial differences in the proportions of h-apo C-III patients were observed in connection with increasing total PUFA concentrations (Fig. 2C) . In addition, we observed a surprisingly opposite association when the erythrocyte concentrations of n-3 PUFA or docosahexaenoic acid (C22:6) were considered rather than total PUFAs; the proportion of h-apo C-III patients was highest in the subgroup of Ϫ455CC individuals with increased intake rather than in the subgroups with low or medium intake of n-3 PUFAs or C22:6 (Fig. 3) .
We analyzed the effects of n-3 PUFA concentrations and APOC3 genotype and their interaction on the risk of having or not having increased apo C-III concentrations (h-apo C-III) by appropriate logistic models after adjustment for possible confounding variables (gender, age, CAD/CAD-free status, use of lipid-lowering medications, smoking status, and BMI). Shown in Tables 2 and 3 are the models for erythrocyte total PUFA, n-3 PUFA, and C22:6 concentrations and APOC3 genotypes estimated on the whole population and on the subsample of patients not taking lipid-lowering medications, respectively. We observed a significant interaction between Ϫ455CC homozygosity and erythrocyte C22:6 concentrations in both samples; in contrast, the interaction between genotype and n-3 PUFA concentration was statistically significant in patients not taking lipid-lowering medications but not in the total population. When similarly tested, we found no statistically significant results for other FAs in the n-3 family (e.g., C20:5 and C18:3).
To look for possible interactive effects on TG concentrations, we also applied the same statistical approach using either log-transformed TG concentrations or the proportion of patients with higher TG values (at or above the 75th percentile of the entire population after exclusion of patients taking lipid-lowering medications) as the dependent variable. However, we observed no statistically significant interactions between erythrocyte FA concentrations and APOC3 genotype. 
Discussion
Diet may influence the circulating lipoproteins in genetically predisposed individuals differently, but the determinants of this variability remain largely unknown (15 ) . The results of the present study identify a different susceptibility to the apo C-III-lowering effects of a diet rich in n-3 PUFAs of fish origin in individuals carrying a polymorphic "insulin-resistant" variant on the APOC3 gene promoter. We observed a significant gene-diet interaction between homozygosity for the APOC3 Ϫ455C variant and erythrocyte n-3 PUFA or erythrocyte C22:6 concentrations. In the majority of the population (ϳ85%), i.e., in individuals not carrying the Ϫ455CC genotype, increasing concentrations of these FAs in erythrocyte membranes were associated with a lower probability of having high concentrations of apo C-III; the finding was particularly clear in the subgroup of patients not receiving lipid-lowering treatment (Table 3) . Such an association not only disappeared but had an opposite trend in Ϫ455CC homozygotes (Fig. 3C) . Despite statistical significance and biological coherence of the interaction reported, our findings should be viewed with some caution, taking into account the limitation that our statistical interactions are based on a relatively small number of participants and that we looked at several aspects of apo C-III distribution before concluding that there was a threshold effect. Patients with high apo C-III/total patients for each erythrocyte PUFA tertile are indicated. Fig. 3 . Erythrocyte n-3 PUFA and C22:6 concentrations and proportion of patients with high apo-C III concentrations in the total population (A) and in the APOC3 Ϫ455TT/Ϫ455TC (B) and Ϫ455CC (C) subgroups.
Patients with high apo C-III/total patients for each erythrocyte n-3 PUFA or C22:6 tertile are indicated.
Clinical Chemistry
To the best of our knowledge, this is the first report showing an APOC3 gene-diet interaction on apo C-III concentrations. Only a few studies have investigated the relationship between APOC3 gene polymorphisms and FA intake in determining the concentrations of plasma lipids, but the consequences on the protein product of that gene, i.e., the apo C-III values, have never been analyzed.
In 1996, Humphries et al. (21 ) reported that the APOC3 CϪ1100T polymorphism affects the consistency and magnitude of changes in plasma cholesterol in response to a diet high in polyunsaturated fats. In a study by LopezMiranda et al. (22 ) , the SstI polymorphism, which arises from a cytosine-to-guanosine substitution in the 3Ј-untranslated region of the APOC3 gene, was shown to be associated with the changes in total and LDL-cholesterol induced by a diet rich in monounsaturated FAs. The same polymorphic variant was also reported to interact with smoking in determining plasma lipid responses to dietary changes (23 ) . More recently, Brown et al. (24 ) demonstrated that a diet low in saturated fat, compared with a diet rich in saturated fat, was associated with a beneficial lipid profile (lower concentrations of apo B, total cholesterol, and LDL-cholesterol) only among individuals homozygous for of the APOC3 promoter 455T-625T polymorphism, whereas carriers of the APOC3 455C-625del allele were not responsive to a similar diet. Although different in study design, the report by Brown et al. (24 ) , which is the only one reporting on the same APOC3 gene polymorphism as in our study, suggested that carriers of the APOC3 455C-625del allele receive no evident benefit from a diet poor in saturated FAs (and, as a necessary consequence, rich in unsaturated FAs). Unfortunately, data on apo C-III concentrations were not available in the report by Brown et al. (24 ) so that comparison with our findings can only be indirect. Our results are consistent with the in vitro experimental evidence of an apo C-IIIlowering effect generally exerted by n-3 FAs (14 ) . This effect was mainly attributable to docosahexaenoic acid, the quantitatively most relevant FA of the n-3 family in our patients. The mechanism by which this FA acts on apo C-III production is not completely clear because the in vitro demonstration of activation of PPAR␣ receptors as a necessary step to lower apolipoprotein synthesis has recently been refuted by the results of a study on PPAR␣-deficient animals (25 ) . Our data concerning the insulinresistant Ϫ455C APOC3 gene variant in humans support the hypothesis that n-3 FAs may interfere with the mechanism of APOC3 gene transcription and that it may be mediated to some extent by insulin or by nuclear factors operating on the APOC3 insulin-responsive element on In combination with other positive biological effects, the hypolipidemic properties of n-3 PUFAs have been pharmacologically exploited to reduce CAD risk, and fish oil capsules are now recognized as useful medications in TG-associated dyslipidemia (27 ) . For this reason, the conclusions derived from the present study may be of pharmacogenomic interest. The sample of heart disease patients recruited in the Verona Heart Project was not representative of the general population because many patients were males affected by CAD. The validity of our conclusions is therefore limited to this specific clinical setting, and it needs to be confirmed in a healthy population. In interpreting these results, however, it is important to emphasize that this is not a case-control study between CAD and CAD-free patients, but rather an analysis of interactions in a population in which CAD/ CAD-free status is one of the confounders. Adjustment for possible confounding variables (including CAD/CADfree status) did not modify the results of the interaction models, supporting the view that the relationship between apo C-III concentrations, erythrocyte n-3 PUFA concentrations, and genotype is independent of the concurrent modifiers. Moreover, because the only firmly established therapeutic recommendation for n-3 PUFA supplementation is for patients with documented CAD (27 ) , such as those enrolled in the present study, the value of the present results could be of clinical relevance.
Although this is not an intervention study, there is no logical reason to presume that dietary intake of n-3 PUFAs or fish oil capsules would yield qualitatively different effects. On the contrary, quantitative differences may play a role because the amounts of PUFAs ingested in fish oil capsules are generally much higher than those consumed in the diet. For example, the difference between the lowest and highest tertiles of the erythrocyte n-3 PUFA distribution in our population was 17-18%, whereas in intervention studies the corresponding difference between controls and treatment groups was 300 -400%, depending on the duration and dose of n-3 PUFA supplementation (28, 29 ) . The inconsistency for an interactive diet-genotype effect on TG concentrations could be explained by this aspect, considering that a quantitatively more relevant change in n-3 PUFA intake is necessary to observe significant TG-lowering effects independently from any genetic influence (27 ) .
In this respect, the beneficial n-3 PUFA effects could have been under-or overrated in the past, depending on the relative proportions of genetically nonresponsive individuals present in the different populations treated with fish oil capsules. Similarly, it is possible that in genetically selected patients, the advantages achieved by n-3 PUFA supplementation may in the future shown to be even bigger than the effects demonstrated to date. Further genotype-tailored studies will be necessary to evaluate this possibility.
